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Abstract—Printed circuit metasurfaces have attracted signifi-
cant attention in the microwave community for their capability
of versatile wavefront manipulation. Despite their promising
potential in telecommunications and radar applications, few
transmissive metasurfaces have been reported operating at
millimeter-wave frequencies. Several secondary effects including
fabrication tolerances, interlayer near-field coupling and the
roughness of conductors are more severe at such high frequencies
and can cause significant performance degradation. Additionally,
experimental characterization techniques reported previously are
not accurate enough for the verification of such effects. In
this work, we present highly efficient refracting metasurfaces
operating at 83 GHz. We use a sophisticated synthesis technique
that minimizes possible effects of performance degradation such
as interlayer near-field coupling and the influence of fabrication
tolerances. Additionally, we propose a new experimental tech-
nique for the characterization of periodic metasurfaces. Using
this technique, we present for the first time an accurate deter-
mination of the intensity of propagating Floquet harmonics in a
broad frequency range. The proposed method gives deep insight
into the beam refraction problem as it accurately quantifies in
which direction energy is scattering. Additionally, it verifies our
numerical model.
Index Terms—metamaterial, Huygens metasurface, millimeter
wave, beam refraction, Floquet harmonics.
I. INTRODUCTION
THE emerging technology of metasurfaces represents aversatile concept for the manipulation of electromagnetic
waves [1]–[3]. Due to the ease of fabrication using planar
circuit manufacturing, the research community recognizes
particular application potential for the microwave frequency
range. Indeed, a variety of different metasurface devices have
been proposed within the past decade including transmitarrays
[4], [5], flat lenses [6], [7] and leaky wave antennas [8],
[9]. Huygens metasurfaces have received significant attention
as they feature near unity transmission and suppress reflec-
tion artifacts efficiently [10]–[12]. For microwave frequencies,
Huygens metasurfaces are usually manufactured in printed
circuit board (PCB) processes with three structured copper
layers separated by low loss dielectric substrates [11]–[13].
Previous works on microwave metasurfaces concentrate
mainly on frequencies below 40 GHz. However for novel tech-
nologies in telecommunication and radar, there is an ongoing
trend towards higher frequencies in the millimeter wave (mm-
wave) frequency range [14]–[16]. For 5G mobile networks
and automotive radar systems for instance, frequencies up to
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the W-band (75-110 GHz) will be used. With these increased
frequencies, new system architectures such as antenna-on-
chip will be used, a much higher level of integration can
be achieved [14], [15], and the miniaturization of the com-
plete system is enabled. Additionally, much higher absolute
bandwidths can be achieved [14], resulting in increased data
rates for telecommunication systems [17] or improved range
resolution for radar systems [18].
Experimental demonstrations of transmissive metasurfaces
operating in the W-band have been scarcely reported, despite
the application potential [19]. There are several challenges,
which make it more difficult to design efficient metasurfaces
in this frequency range and to characterize them accurately. As
metasurfaces are often designed with highly subwavelength
elements, scaling down existing geometries such as those
reported in Ref. [11], [12] results in feature sizes which are too
small to be manufactured with standard PCB technology [20].
Therefore, a significant effort has been undertaken to develop
alternative concepts such as metasurfaces manufactured by
screen-printing [21]. This method is limited to circuits with
a single structured metallic layer, e.g. absorbing or reflecting
metasurfaces. Comparably thin mm-wave lenses manufactured
from perforated dielectrics have been proposed, however they
require very complex fabrication processes [22], [23].
Periodic metasurfaces with very coarse discretization, also
referred to as metagratings, have received attention and have
been investigated mainly for anomalous reflection [24]–[27].
Some of these metagratings feature very simple geometric
structures [26], [27]. Therefore, such metagratings are easier
to manufacture and they could potentially be scaled to higher
frequencies like mm-wave or terahertz [26]. Most works
on printed circuit metagratings [24], [25], including one on
anomalous refraction [28], feature resonant elements based on
thin capacitive loaded wires. Here, the number of elements per
period is reduced but the feature sizes of each resonant element
is not significantly changed. Demonstrations of transmissive
printed circuit metagratings have been limited to numerical
simulations [28].
From the perspective of ease of fabrication, a minimal
number of large meta-atoms with relatively large feature size
is preferred. However, we recently showed that the use of
large resonators (cell size ∼ λ/3) for transmissive meta-
surfaces can lead to significant near-field coupling effects
within a cell [20]. The perturbations caused by such near-field
coupling effects were mitigated in previous works through
numerical optimization [29]. These findings motivated the
development of an improved synthesis method that incorpo-
rates such coupling effects and enables the efficient design of
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2transmissive printed circuit metasurfaces for higher frequency
applications [20]. While the theoretical framework proposed
in Ref. [20] provides a basis for the synthesis of efficient
mm-wave metasurfaces, several challenges in the circuit board
design and the experimental characterization remain. At mm-
wave frequencies, fabrication tolerances [30], the choice of
circuit board materials [31], surface roughness [32]–[34] and
conductor coatings [35] play an important role.
Considering the amount of detail that needs to be modeled,
good agreement between numerical simulation and experiment
is important for the development of efficient mm-wave devices
[30]. We note that a metasurface which implements anomalous
refraction is closely related to a blazed grating [36], where
all energy should be directed into a single diffraction order
(or equivalently, Floquet harmonic). In previous experimen-
tal demonstrations, the energy scattered into each Floquet
harmonic was only characterized at two or three different
frequencies including the design frequency [12], [37]. A more
rigorous characterization of periodic metasurfaces requires the
detection of all propagating Floquet harmonics at various
frequencies in a broadband range and has not been reported
yet.
In this paper, Huygens metasurfaces for anomalous beam
refraction at 83 GHz are designed and fabricated following
the synthesis method from Ref. [20]. Our experimental char-
acterization includes an accurate determination of all forward
scattering Floquet harmonics in a frequency range from 70-
95 GHz. We use a bistatic scattering cross section facility that
is located in an anechoic chamber and features a very high
measurement dynamic range [38]. Additionally, we discuss
aspects which are important to design highly efficient meta-
surfaces operating at mm-wave frequencies. We emphasize
practical design considerations for making the structure in-
sensitive to fabrication tolerances and we include the surface
roughness of conducting resonators in the synthesis. In order to
ensure that the physics of the system is modeled accurately, we
present a detailed analysis of our samples, including profilome-
try and microscopy imaging of polished cross-sections. We ob-
serve very good agreement between numerical simulation and
experiment. Consequently, our proposed experimental method
is a very accurate technique for the efficiency determination of
periodic metasurfaces. Additionally, it verifies our numerical
model.
II. DESIGN OF MM-WAVE METASURFACES
In this section, we show the architecture of the cells and
macroscopic design considerations for Huygens metasurfaces
exhibiting anomalous refraction.
A. Cell architecture
Every cell of the metasurfaces used in this work is syn-
thesized according to the procedure presented in Ref. [20] in
order to fulfill a specific complex transmission S21. In our
case, all cells require near unity transmission amplitude. The
transmission phase varies from cell to cell and depends on
the refraction angle which will be explained in Subsection
II-B. The design frequency is 80 GHz. Our synthesis method
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Fig. 1. Circuit board layer stack-up (a) and layout of the metallic patterns
(b).
includes an analytical model based on an equivalent circuit
model, which is fed with data from numerical simulations. In
particular, the sheet impedance Zn of every metallic layer n
as well as corresponding near-field coupling coefficients are
determined in full-wave simulations. The computational effi-
ciency is higher than black box optimization, and it is possible
to consider complex shaped metallic patterns. Additionally,
this procedure allows us to simulate the losses introduced by
the conductor roughness by using the gradient surface model
reported in Ref. [34]. It was shown previously, that the losses
introduced by conductor roughness can significantly influence
the performance of various microwave devices, especially at
mm-wave frequencies [32]–[34]. For the numerical simula-
tions, we use the commercial software CST Microwave Studio
[39].
The layer stack-up used here consists of three structured
copper layers separated by dielectrics as shown in Figure 1 (a).
To achieve a nearly equal separation between all copper layers,
we set the thickness of dielectric materials as d1 ≈ d2+ d3 ≈
254µm. The substrate and pre-preg are Isola Astra MT with a
relative permittivity of r =3.00 and low dielectric loss tangent
tan δ =0.0017. Given that the etching tolerance scales linearly
with the copper thickness, we choose dc = 18µm, the smallest
standard thickness available.
Special consideration was given to making the metallic
pattern compatible with standard PCB manufacturing pro-
cesses. As in previous works at lower frequencies [25], [40],
[41], we use resonators in the shape of a dogbone. The
geometric parameters are shown in Figure 1 (b). We use a
coarse discretization, with large cell size ax ≈ λ/2.5 and
ay ≈ λ/3.5. All edges are rounded which simplifies accurate
manufacturing using photolithography. The radius of curvature
is Rcv = 30µm for convex shapes and Rcc = 40µm for
concave shapes. Additionally, all line and gap widths are
3chosen ≥ 100µm, e.g. H = 100µm, Sn = 100...300µm
and Gn ≥ 90µm.
The copper tracks of a circuit board which are in contact
with air are usually coated with a submicron protection layer
that prevents oxidation. For mm-wave applications, the choice
of the coating material is important as it can introduce sig-
nificant losses. Here, a coating suitable for high frequency
applications, immersion silver, was used. The conductivity of
this coating is similar to copper and it has been shown to have
only a small impact on conductor losses [35]. Therefore, we
do not consider it in the numerical simulations.
The geometrical parameters Sn and Gn are used to control
the sheet impedance Zn of every metallic layer n. This depen-
dence is characterized using numerical full-wave simulations
and it is summarized in the in Figure 7 in Appendix A.
As there is no unique solution for the parameters (Gn, Sn)
to realize a specific Zn, we choose those combinations that
make the structure insensitive to parameter changes. More
precisely, for each positive and negative value of Zn and
for every n, we choose a constant value of Sn. This Sn
enables a large range of imag(Zn)/η0 with variation of Gn
while maintaining a moderate slope dZndGn , which minimizes
sensitivity to fabrication errors.
B. Supercell design & refraction angles
Three periodic Huygens metasurfaces were designed and
manufactured with different phase gradients in the x direction.
These correspond to 3, 4 and 5 different cells per period, i.e.
the supercell widths dxs are 3ax, 4ax and 5ax. These designs
are referred to with “sample 1”,“sample 2” and “sample 3”,
respectively.
The required transmission response S21 for each cell is
chosen for near unity transmission amplitude and a phase
that varies over 2pi within one supercell, as per the procedure
reported in Ref. [11]. As an anomalously refracting Huygens
metasurface cannot be perfectly matched to both the incident
and transmitted waves, we choose to match to the refracted
wave. The corresponding propagating Floquet harmonics can
be determined using the generalized law of refraction [42]:
sin(θout)− sin(θin) = mλ
dxs
, (1)
where θin is the incident angle, θout is the refraction angle
and m the Floquet mode index. Modes are propagating when
| sin(θout)| < 1.
The samples were designed for normal incidence and the
desired Floquet mode is m = 1. The metasurface design aims
to minimize the scattering into all other Floquet modes at the
center frequency. The geometrical parameters for every cell
are listed in Table II in Appendix A.
III. EXPERIMENTAL CHARACTERIZATION
A. Measurement of Floquet harmonics
The experimental characterization of propagating Floquet
harmonics was conducted using a bistatic scattering cross
section facility which was reported in detail in Ref. [38].
The measurement configuration is outlined in Figure 2 (a).
Gaussian beam antennas were used, illuminating an area with
full width half maximum diameter of approximately 50 mm in
the sample plane. The samples had a size of 140 mm x 128 mm
and were mounted on a support frame of 400 mm x 400 mm.
The samples were significantly larger than the illuminated
area, therefore no edge effects are expected. Additionally, the
support frame was covered with absorber as shown in Figure 2
(b). This minimizes spurious signals due to direct transmission
between the test antennas and multiple reflections between the
sample support and other objects in the measurement cham-
ber. The bistatic system offers a positioning and alignment
accuracy of < 0.1◦.
Fig. 2. (a) Measurement configuration. (b) Photo of the setup including the
sample support frame (right side) and the receiving antenna (left side).
The mm-wave system is based on a Rohde & Schwarz ZVA-
67 vector network analyzer, with external frequency extenders
and WR10 waveguide ports. To allow for movement of the
receiving unit, long coaxial cables and several amplification
stages are necessary. With a one-path through-open-short-
match (TOSM) calibration [43] using WR10 standards, the
non-ideal response of these components was corrected. For
each measurement we fixed the angle of incidence θin and
swept the measurement angle θout from -90 ◦ to 90 ◦ in steps
of 0.5◦. Measurements were taken over a frequency range
from 70 to 95 GHz. Although the metasurface was designed to
operate at 80 GHz, maximum efficiency was found at 83 GHz.
The reasons for this discrepancy are discussed in Sections
III-C and III-D. In Figure 3 (a), the received power P is plotted
versus the scattering angle θout for a frequency of 83.0 GHz at
an incident angle of θin = 0◦. We compare the measurement
of sample 1 (red) with the measurement of the empty sample
4support frame (blue). The measurement of the empty frame
features one peak at θout = 0◦ whose width corresponds to
the beam width of the test antenna set. The measurement of
sample 1 features one main peak at θout = 54.3◦, which
corresponds to the desired Floquet mode T1.
The intensity of the T1 peak is only 1.3 dB smaller than the
empty frame main peak, indicating that 74 % of the incident
energy is scattered into the desired direction. Due to the
large dynamic range, the undesired Floquet modes T0 and
T−1 are clearly visible. The peak position of each Floquet
mode m calculated from Eq. (1) is indicated with a vertical
black dashed line, and these lines agree with the maxima
of the experimental measurements. We define a background
scattering power level Pback(f) as the maximum value of
the Psample(f, θout) excluding the Floquet peaks. This back-
ground scattering includes measurement artifacts such as side
lobes and multiple scattering in the measurement chamber. In
the case of sample 1 and θin = 0◦, Pback(f = 83GHz) is
-45 dB and is indicated by a solid horizontal line in Figure 3
(a).
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Fig. 3. (a) Power scattered from sample 2 (red solid line) and from the
empty sample support frame (blue solid line) at a frequency of 83 GHz and
an incident angle of θin = 0. (b) Normalization data from the empty frame
measurement (blue) and peak power for the mode T0 (yellow).
The frequency dependent intensity of Floquet harmonics is
determined in two steps. First, the peaks of the received power
need to be evaluated throughout the frequency range of inter-
est. Here, we determine the maximum θmax,mout (f) in a region
of ±5◦ around the expected peak position from equation 1
(vertical black dotted lines) for each frequency sample ranging
from 70 to 95 GHz. The positions of these maximum values
θmax,mout are indicated in Figure 3 (a) with black cross markers.
In Figure 3 (b), the peak power Psample(f, θ
max,0
out ) for Floquet
mode T0 is shown in comparison with the empty frame
measurement Pempty(θout = 0) and the background scattering
Pback. The contrast between the empty frame measurement
and the scattering is on the order of 40 dB and indicates the
dynamic range in which Floquet modes can be measured. The
received power Psample(f, θ
max,0
out ) is significantly larger than
the background scattering confirming that the corresponding
peak was detected reliably for all frequencies.
In the second step, the intensity of Floquet harmonics |Tm|2
is obtained by normalizing the peak power values by the empty
frame measurement, i.e.
|Tm(f)|2 = Psample(f, θ
max,m
out )
Pempty(f, θout = 0)
. (2)
With this normalization, the influence of the test antenna
characteristics and the path losses are corrected for. We note
that Tm is a complex quantity. In this work, we will however
focus on the absolute value |Tm|2 and use it to evaluate
the efficiency of periodic metasurfaces. An absolute value of
|Tm|2 = 1 for instance means that 100% of the energy is
scattered into Floquet mode m.
B. Results
Each of the three samples is characterized at incidence an-
gles θin of 0, -10◦ and -20◦. For this range of incident angles,
each sample is relatively well impedance matched to the re-
fracted wave. In each case, all Floquet harmonics propagating
into the forward direction were measured over a frequency
range from 70 to 95 GHz. Throughout this frequency range, the
background scattering Pback(f) is always at least 7 dB lower
than the smallest Floquet mode peak Psample(f, θ
max,m
out )
(typically 20 dB lower). The measurements of the first two
samples at different incident angles are presented in Figure 4.
The measurement of sample 1 exited at θin = 0 is shown in
Figure 4 (a) and sample 2 at θin = −20◦ is shown in Figure
4 (b) and (c). All other measurements are shown in Figure 8
in Appendix A. Experimental curves are shown in solid lines.
For sample 1 at θin = 0◦, we observe three propagating
transmission modes, T0 and T±1. In case of sample 2 at θin =
−20◦, there are four propagating transmission modes, T0, T±1
and T2. Here, T−1 and T2 are evanescent for frequencies below
75 and 77 GHz, respectively. In the experiment, they can be
observed for frequencies larger than 76 and 79 GHz, which
corresponds to angles |θout| smaller than about 80◦. In both
cases, the T1 mode is dominant at the design frequency, as
expected. We observe however a shift of the T1 maximum
from 80 to 83 GHz. Other Floquet modes take comparably
small values of -13.4 to -25 dB at 83 GHz.
We summarize the beam refraction efficiency in Table I.
Here, we list the intensity of the desired Floquet mode T1 at
83 GHz which ranges from -1.6 dB to -0.7 dB (69 to 85 %).
Additionally, we list the intensity of the strongest undesired
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Fig. 4. Floquet harmonics of refraction metasurfaces: Sample 1 (a) and
sample 2 (b),(c). Experiment (solid line) and full wave simulation (dashed
lines) in comparison.
TABLE I
BEAM REFRACTION EFFICIENCY
sample θin
Experiment Simulation
T1 [dB] Tsl [dB] T1 [dB] Tud [dB]
1
0
-1.6 -13.4 -1.4 -16.6
2 -1.0 -14.1 -1.3 -20.3
3 -1.0 -19.5 -1.7 -14.5
1
-10
-1.3 -13.7 -1.2 -18.3
2 -1.0 -19.0 -1.2 -12.7
3 -1.1 -18.8 -1.8 -13.4
1
-20
-1.3 -16.3 -1.3 -24.9
2 -0.7 -17.9 -1.1 -22.8
3 -1.1 -18.8 -1.7 -14.5
Floquet mode Tud, ranging from -13.4 dB to -19.5 dB. These
findings will be compared with numerical simulations in
section III-D.
C. Analysis of fabricated sample
In order to represent the geometry of our samples as
accurate as possible in the numerical model, we perform
a detailed analysis of the circuit boards. A high resolution
picture of the top PCB surface shown in Figure 5 (a) reveals
the accuracy of the photolithography process. We observe that
the overall shape is etched very accurately, it appears however
to be systematically smaller than the design. With an overlay
of thin contour lines from the initial PCB layout (yellow), a
scaling factor of αs = 0.97 is determined.
The individual thicknesses of the layer stack-up are deter-
mined by analyzing polished PCB cross sections, as shown in
Figure 5 (b) and (c). The design thicknesses for the copper
layers and for the top substrate are confirmed within the
measurement accuracy of roughly 4%, i.e. dc =18µm and
d1 =254µm. The pre-preg and the bottom substrate cannot be
distinguished after fabrication, therefore we specify the sum
d2 + d3 = 265µm.
The surface roughness of the copper pattern on the bottom
and top side usually differ significantly [34]. The copper
roughness on the side oriented towards the substrate σs,
marked with a dashed blue line in Figure 1 (a), is usually
relatively high. The copper roughness on the side towards
the air or the pre-preg σa, marked with a solid blue line,
depends on the manufacturing process (etching, galvanization
and coating) and is usually much smaller.
A surface scan of copper layer 1 that includes two metallic
resonators is shown in Figure 5 (d). This scan was performed
using a step width of δx = 10µm and δy = 1µm. We evaluate
the root mean square (RMS) roughness from several line scans
in the y direction, which are marked with a dashed red line
in Figure 5 (d) and find σa = 0.65µm. For the roughness
on the side of the substrate, we rely on the manufacturers
specification of σs = 2µm.
Additionally, the registration tolerance was analyzed using
cross section images such as Figure 5 (b). According to the
design, all resonators in one cell are concentric. We found
however lateral shifts δl in x and y direction of up to 70µm.
This layer misalignment varies from one supercell to the next,
therefore it is impossible to include it into the numerical
simulation with periodic boundaries.
D. Comparison with numerical simulation
Besides of the registration tolerance, all geometrical param-
eters mentioned in subsection III-C were used to refine the full
wave simulation. As shown in Figures 4 and 8, there is a good
agreement between experiment (solid lines) and simulation
(dashed lines), especially for the desired Floquet mode T1.
For the undesired modes, the main feature of the experimental
and numerical curves match. Large discrepancies only occur
for values below -20 dB.
As the geometrical parameters were updated individually to
match the sample measurement, it was observed that the sys-
tematic scaling of the metallic pattern described by the scaling
factor αs is the main cause of the observed frequency shift.
Variations in the copper roughness and the substrate thickness
are rather impacting secondary features in the Floquet modes
such as the depth and the position of local minima.
Given that the reliability of the numerical simulation has
been verified, further analysis that is inaccessible in the ex-
periment can be performed numerically. A plot of the electric
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Fig. 5. Analysis of circuit board samples: microscopy picture of the top surface (a), polished cross sections (b-c) and optical profilometer scan (d-e).
field inside and close to the metasurfaces for instance is not
only very illustrative, it can help to identify defects in the
design of individual cells of the metasurface. In Figure 6, we
show numerically calculated electric distributions for sample 1
and sample 2. In both cases, the electric field features relatively
planar wavefronts propagating into the desired direction, con-
firming that good transmission was achieved through all cells
of the metasurface.
Fig. 6. Numerically simulated electric field in the plane y = 0 propagating
through (a) sample 1 at θin = 0◦ and (b) sample 2 at θin = −20◦.
IV. CONCLUSION
Highly efficient refracting metasurfaces for the mm-wave
frequency range are presented. The samples are designed for
fabrication with standard PCB processes which is a significant
challenge for this frequency range. We use an advanced syn-
thesis procedure that accounts for the most significant causes
of performance degradation, including near-field coupling and
the losses caused by conductor roughness. Additionally, we
propose an experimental procedure and a data processing
technique for the accurate determination of the intensity of
Floquet harmonics over a wide frequency range. A shift of the
optimal operation frequency from 80 to 83 GHz is observed.
According to a profilometer and microscopy analysis of the
samples, this shift can be attributed to the tolerance of the
photolithography.
Beam refraction efficiencies on the order of -1.0 dB (80 %)
were achieved, showing good agreement between experiment
and numerical simulation. The proposed experimental method
gives deep insight into the problem as it accurately specifies
in which direction energy is scattered. Additionally, it can
be used as a verification for numerical models. After such
verification, information inaccessible in the experiment can be
calculated reliably with the numerical model. Furthermore, the
efficiency prediction for future studies which are done with the
same fabrication process can potentially be improved.
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APPENDIX A
Fig. 7. Lookup table relating the geometrical parameters Gn and Sn to the
sheet impedance Zn.
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Fig. 8. Floquet harmonics of all refracting metasurfaces fabricated in this work. Experiment (solid line) and full wave simulation (dashed lines) in comparison.
TABLE II
GEOMETRICAL PARAMETERS
sample cell Geometrical Parameters [µm]
G1 S1 G2 S2
1
1 179 300 165 400
2 128 300 153 400
3 232 300 293 100
2
1 182 300 174 400
2 147 300 150 400
3 147 100 276 400
4 228 300 278 100
3
1 169 300 151 400
2 136 300 150 400
3 96 100 325 400
4 243 300 277 100
5 191 300 224 400
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